pulmonary alveolar proteinosis (PAP). Abnormalities include lymphocytic infiltration around airways and vessels and the progressive accumulation of surfactant proteins, Mice deficient for the IL-3/GM-CSF/IL-5 ␤c receptor (␤cR KO) develop lung disease similar to that seen in phospholipids and macrophages within the alveolar space.
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Previous work has defined a significant part of this disease human pulmonary alveolar proteinosis (PAP) which includes lymphocytic infiltration around airways and to be hematopoietic in origin because transplantation of wild-type (WT) bone marrow into ␤cR KO mice led to vessels and the progressive accumulation of surfactant and macrophages within the alveolar space. We investicomplete resolution of alveolar proteinosis and restoration of normal macrophage morphology. When the lungs of ␤cR gated bone marrow transplantation (BMT) as a curative treatment of PAP in ␤cR KO mice by semiquantitative KO mice were evaluated at 8 and 12 weeks after WT BMT however, it was apparent that residual lung injury was histologic analysis and evaluation of pulmonary function. BMT from wild-type (WT) donors into lethally present despite the dramatic improvement in the disease state. 6 In order to determine the precise effects of BMT in irradiated ␤cR KO recipients (WT → KO) led to the complete resolution of alveolar protein accumulation the reversal of the mutant phenotype, we examined more closely the extent of residual disease in these animals postand to normalization of BAL fluid cellularity and macrophage morphology. However, detailed microtransplant by using a semiquantitative index for histopathology, and correlated these findings to pulmonary function. scopic analysis of lung tissue revealed the persistence of significant cellular infiltrates in WT → KO recipients Our findings demonstrate that abnormal respiratory physiology and significant mononuclear cell infiltrates remain in which were equivalent to those seen in KO stained with hematoxylin and eosin (H & E) for histological examination. Slides were coded without reference to mouse Dynamic pulmonary compliance (C dyn ) and airway conductype or prior treatment status and examined by a pathologist tance (G L ) were measured using a plethymographic tech-(LK) to establish an index of injury. Briefly, lungs of transnique as previously described. 7, 8 A state of general anesplanted animals were analyzed independently for the thesia was induced using 70-90 mg/kg of pentobarbital accumulation of eosinophilic, proteinaceous material within injected intraperitoneally and 1% lidocaine was used as an the alveoli and small airways and for the presence of celluadditional local anesthetic in the region of the anterior neck. lar infiltration. The latter was reviewed with reference to A 19-gauge tubing adapter (used as a tracheostomy tube) two major histologic patterns, periluminal infiltrates was then surgically inserted into the trachea and secured (around airways and vessels) and pneumonitis involving the with silk suture. Mechanical ventilation was instituted with alveoli and interstitium, and incorporated into a semiquana rodent ventilator (Harvard Apparatus, Natick, MA, USA) titative scoring index as previously described. 11 A patholset to deliver a tidal volume of 0.07 ml per 10 g of body ogy index (PI) for each pattern of cellular infiltration was mass at a frequency of 150 breaths per min and a positive generated by multiplying the severity grade by the extent end-expiratory pressure of 2-3 cm H 2 O). A small portion of involvement (range of 0-9) using an average of the of the thoracic wall was excised to eliminate any effect of values from both lungs. A total index score was finally the chest wall on pulmonary function. The mice were calculated by adding together the PIs for pneumonitis and placed in a plexiglas chamber which was subsequently periluminal infiltrate. sealed to a constant volume plethysmograph system. Pressures in the chamber and in the tracheostomy tube were detected by separate transducers (Celsesco, Canoga Park, Statistical considerations CA, USA), amplified, and converted from analog to digital All values are expressed as the mean ± s.e.m. Statistical data to be processed by a computer programmed to calcucomparisons between groups were completed using the late C dyn and G L . 7, 8 Thirty seconds before each determinon-parametric, unpaired, Mann-Whitney test. nation, a deep inspiration (3-4 × tidal volume) was delivered to provide a constant volume history and to prevent atelectasis. Measurements of C dyn and G L were obtained at Results 1-min intervals for 5 min for each mouse and the results averaged. The coefficient of variation for values of C dyn and BAL fluid cellularity and protein content of ␤cR KO mice G L from individual mice was less than 5%.
are restored to baseline levels after WT BMT Broncho-alveolar lavage (BAL), cellularity and protein ␤cR KO animals underwent BMT from WT or KO donors analysis and recipients were analyzed 6 months after BMT as After completion of pulmonary function measurements, described in Materials and methods. WT recipients of WT mice were killed by exsanguination and BAL was perfordonor cells served as controls. Six months after BMT was med. A 1.0 ml aliquot of 1X phosphate-buffered saline chosen as the time for analysis to allow for adequate resol-(PBS) containing 0.6 mM EDTA was instilled into the lungs ution of transient processes. At the time of sacrifice, whole through the secured tracheostomy tube of which 0.9 ml lung lavage was completed on transplanted animals to were removed and placed into a sterile tube on ice. This determine whether transfer of WT bone marrow cells had procedure was repeated nine additional times with subreversed the hypercellularity and excessive protein accumusequent aliquots combined in a second tube. The tubes were lation characteristic of the disease state. As shown in centrifuged at 1500 r.p.m. for 5 min, and supernatant from Figure 1 , WT BMT successfully restored BAL fluid celluthe first tube was frozen at −80°C for subsequent analysis larity (a) and concentration of total protein (b) and surfacof total protein and surfactant B levels as previously tant protein B (c) to baseline levels. These results are condescribed. 9, 10 Cell pellets from both tubes were combined sistent with previous reports. 6 In addition, the abnormal and single cell suspensions were washed twice and counted cellular morphology classically seen with PAP, including on a hemacytometer. Cell viability was greater than 90% pulmonary macrophages with foamy and grossly distended as determined by trypan blue staining. Aliquots of cell suscytoplasm, also returned to normal after the transplant of pensions (2 × 10 6 cells per ml) were placed on glass cover WT bone marrow cells (data not shown). slips, air dried, stained with Wright-Giemsa and mounted on microscope slides. Coded slides were then evaluated Significant residual lung injury is present in ␤cR KO visually for macrophage morphology.
recipients despite the resolution of alveolar proteinosis after WT BMT Lung tissue procurement and semiquantitative histopathology
We have previously reported that residual lung injury persists in transplanted animals despite correction of the feaAfter BAL, lungs from each mouse were inflated with 1 ml of Tissue Tek OCT compound (Miles, Elkhart, IN, USA) tures of PAP listed above. 6 In order better to ascertain the nature of this injury, lungs of transplanted animals were of bronchial caliber would be expected to influence G L . As shown in Figure 4a , mean C dyn values in the KO → KO harvested after lavage and detailed histopathologic analysis was performed as described in Materials and methods.
group were dramatically lower than those of WT → WT controls and although WT BMT improved compliance of Firstly, eosinophilic, homogeneous, proteinaceous material similar to that present in unmanipulated KO mice was KO recipients, measurements from WT → KO animals remained significantly lower than controls. In contrast, WT identified in the alveoli and distal airways of all mice in the KO → KO group (Figure 2A ) but in no animal in the BMT failed to improve reductions in airway conductance; mean G L values in WT → KO animals remained signifi-WT → KO (C) or WT → WT groups (B). Secondly, a mononuclear cell infiltrate comprised primarily of lymphocantly lower than controls and equivalent to those obtained in the KO → KO subset. These findings demonstrate that cytes was present in the lungs from animals in both the KO → KO and WT → KO groups (Figure 2A and C) but residual lung inflammation present after BMT in WT → KO animals is physiologically significant even not in WT → WT controls (B). This process was noted predominantly in periluminal (around vessels and airways) though BAL fluid cellularity and protein content is completely normalized. areas and to a lesser degree in interstitial spaces and remained in spite of the resolution of alveolar proteinosis in WT → KO animals. As shown in Figure 3 , when the cellular inflammatory component of lung pathology was Discussion analyzed semiquantitatively, values for total index remained significantly abnormal 6 months after BMT for Clinical PAP is a rare pulmonary disorder which has been described in neonates, children and adults and is characall ␤cR KO recipients irrespective of donor type (WT vs KO); surprisingly, pulmonary pathology was equivalent in terized by the progressive accumulation of PAS-positive material in the alveoli of affected individuals. further defined as primary if it occurs without prior illness and secondary when the pulmonary pathology develops in In order to evaluate the physiologic consequences of lung pathology present after BMT, we measured C dyn and G L on the setting of a previous toxic exposure, co-existing systemic illness or malignancy. 2,18-21 The wide range of age live transplanted mice using a well established plethymographic technique as described in Materials and methods.
at presentation, spectrum of disease severity, and the existence of primary and secondary forms suggest that several Abnormalities in C dyn , defined as the change in lung volume obtained from a given increase in distending transpulmondifferent subtypes of this disorder may exist. Recently, several experimental models which mimic both primary and ary pressure, would be expected with pulmonary parenchymal alterations including consolidation, atelectasis, and secondary forms of PAP have been described.
1,22-24
We previously reported that WT BMT led to the cominterstitial inflammation or fibrosis. By contrast, G L is measured as flow per unit time and represents the reciprocal of plete resolution of the alveolar proteinosis and disappearance of morphologically abnormal macrophages which resistance. Therefore, conditions which result in alteration BMT type NS P < 0.01 Figure 3 Semiquantitive histopathology of lungs after BMT. Lungs of transplanted animals were harvested 6 months after BMT and scored semiquantitatively as described in Materials and methods. Mean total index scores for the KO → KO and WT → KO groups were equivalent and significantly abnormal compared to WT → WT controls P Ͻ 0.01. Data are expressed as mean ± s.e.m. n = 7-10 animals per group; NS = no significant difference between specified groups.
in severity and character to that found in KO →KO recipients. The physiologic significance of this residual injury is underscored by the results of pulmonary function testing; WT BMT only partially corrects C dyn and fails to improve the reduced G L , consistent with the fixed, host-derived inflammatory infiltrate surrounding bronchioles in the WT → KO recipients.
Having identified the pathophysiologic elements of the pulmonary damage present in ␤cR KO recipients, possible etiologies of this process were considered. The infiltrates present in the WT → KO mice were similar with respect to cell type and location to those observed in unmanipulated ␤cR KO animals and therefore, possibly represent persist- rather than lympho-mononuclear repopulation. 6 In addition,
Despite the complete resolution of alveolar proteinosis, periluminal cellular infiltrates remained in the lungs of mice in the WT → KO group (C).
previous BMT experiments using Rag-2 mutant donors proLungs of WT → WT animals were essentially normal (B).
vide compelling evidence for this theory. Transplantation with bone marrow devoid of lymphocytes effectively reversed the alveolar proteinosis in ␤cR KO recipients, but accumulate in mice deficient for the IL-3/GM-CSF/IL-5 ␤c receptor. Initial histopathologic analysis completed 3 residual structural lung injury persisted 12 weeks after BMT. 6 When lungs from these transplanted animals were months after transplant identified residual structural lung damage as well as focal cellular infiltrates. 6 The current examined semiquantitatively, significant lympho-mononuclear infiltrates were noted, a finding which strongly sugstudy confirms and extends these observations, focusing on the correlations between the histopathologic and physiogests that the lymphocytes identified were of host origin (data not shown). logic components of this residual lung injury. Our findings demonstrate that although transplantation of WT bone marPulmonary toxicity is a well recognized complication of clinical and experimental BMT. Possible mechanisms of row leads to a complete and long lasting reversal of alveolar macrophage and protein accumulation, a significant cellular this injury include infection, cytotoxic effects of the irradiation used in pre-transplant conditioning, and a donorinfiltrate remains in WT → KO animals which is equivalent percentage of 129 derived minor antigens may persist after a four-generation backcross to C57B1/6. We have observed similar patterns of lung injury after allogeneic BMT which were induced by minor histocompatibility antigenic disparities. 11 Since the WT and ␤cR KO mice that were used for both donor and recipients were litter-mates, the WT → WT subset should serve as a control for any subtle histoincompatibilities. Therefore, the absence of lung injury in this group makes GVHD a very unlikely cause of the infiltrates observed in the WT → KO subset. Similarly, the WT → WT animals serve as a control for the potential effects of TBI on recipient lung tissue. Finally, it is conceivable that the cellular elements of PAP in this model extend beyond the hematopoietic system. Hyperplasia of the broncho-alveolar epithelium which has been described in patients with PAP might not be corrected by BMT. However, this pattern is consistent neither with the morphology nor location of the infiltrates observed in ␤cR KO mice before or after BMT. 3, 4, 14 Taken together, these observations suggest that the cellular infiltrate observed in KO mice after WT BMT is part of a fixed, recipient-derived process which is thought to be directly related to the ␤cR mutation rather than secondary to the proteinosis.
1 Although the residual cellular histopathology is mild, it is likely responsible for the incomplete improvement in C dyn and lack of improvement in G L that was seen despite the complete resolution of alveolar proteinosis in the WT → KO group. Further investigation is required to evaluate whether the timing of BMT, or the type of conditioning regimen used can influence the degree of pulmonary pathophysiology remaining after transplant. These findings notwithstanding, it is possible that BMT may represent a therapeutic option for some forms of PAP. It is clear that experimental BMT completely corrects certain disease characteristics such as proteinosis and alterations in BAL fluid cellularity and content. Furthermore, it has recently been reported that small cohorts of pediatric and adult patients who had PAP secondary to acute leukemia (some of whom had a striking reduction or absence of ␤c protein) 30 experienced remission of their PAP symptoms after receiving unrelated BMT for their primary malig- 
